We report that the lattice constant of Dy 2 Ge 2-x Si x O 7 (x = 0, 0.02, 0.08, 0.125) can be systematically reduced by substituting the non-magnetic germanium ion in the cubic pyrochlore oxide with silicon. A multi-anvil high-pressure synthesis was performed up to 16 GPa and 1100
I. INTRODUCTION
Magnetically frustrated materials have attracted considerable interest because of their rich magnetic phases hosting exotic states of matter and emergent excitations. Frustration in a magnetic material can lead to a groundstate manifold without long-range order. This can occur in various possible ways, such as via antiferromagnetic (AFM) nearest-neighbor coupling of Ising spins on a triangular lattice or a periodical variation of magnetic interactions between nearest neighbors 1,2 . In the case of pyrochlore oxides A 2 B 2 O 7 with a trivalent ion A 3+ and a tetravalent ion B 4+ ( Fig. 1 ), frustration can arise due to the strong crystal electric field acting on the ions on the pyrochlore lattice of cornersharing tetrahedra. For pyrochlores with a rare-earth ion on the A site many different exotic states have been observed, such as classical or quantum spin-ice states with magnetic-monopole excitation [3] [4] [5] [6] . Specifically, in the pyrochlores with Dy and Ho on the A site, the rare earth ion is subject to a strong crystal electric field splitting the ground state and the first excited state of the single ion by an energy of the order of 200 K. The single-ion ground state is an effective spin-half state pointing either in or out of the tetrahedra the ion belongs to. The effective ferromagnetic nearest-neighbor interaction as realized for example in Ho 2 Ti 2 O 7 and Dy 2 Ti 2 O 7 results in the so called spin-ice configuration: two spins point into and two spins point out of each tetrahedron ("2-in-2-out" configuration). The excitations of this arrangement can be interpreted as the creation of magnetic monopoleantimonopole pairs 7 . In contrast, neodymium-based pyrochlores adopt an AFM long-range ordered phase [8] [9] [10] because of a different ratio of exchange to dipolar interaction.
Additionally, the interaction between neighboring rareearth ions can be varied by exchanging the B site ion with While for the growth of Dy 2 Si 2 O 7 with the hypothetical ratio r a /r b = 2.57, pressures beyond the state of the art would be needed or this phase would be inherently unstable, we were able to grow stable Dy 2 Ge 2-x Si x O 7 polycrystals with Si substitution of up to x = 0.125 under high-pressure and high-temperature conditions. Here, we show that such a substituted compound has all characteristic properties of a classical spin-ice material while having reduced effective interactions shifting its magnetic state further towards the phase boundary between spinice and AFM order.
II. EXPERIMENTAL
Polycrystalline Dy germanate Dy 2 Ge 2 O 7 was synthesized similar as described previously 13, 14 : GeO 2 (Heraeus, 99.999 %) and Dy 2 O 3 (Chempur, 99.999 %) were used as starting materials. Stoichiometric amounts were mixed with ethanol and thoroughly ground in an agate mortar until dryness. The synthesis was performed in a "Walker-type" high-pressure apparatus 15 with a 1000 t hydraulic press (Voggenreiter GmbH). The powder mixture was filled in an h-BN capsule and compressed in an 18 mm zirconia octahedron pressure medium with a load of 970 t corresponding to a sample pressure of 8 GPa.
The pyrochlore material forms during a solid-state reaction at 1100
• C maintained for 90 min. The temperature was measured with a Type C (W5%Re/W26%Re) thermocouple.
For the polycrystalline silicone-substituted Dy 2 Ge 2-x Si x O 7 samples, SiO 2 (Degussa Aerosil380) was used additionally.
The uni-axially prepressed samples were surrounded by CsCl capsules and compressed in 10 mm MgO:Cr octahedral pressure cells (Ceramic Substrate & Components Ltd.) with a load of 642 t which equals a sample pressure of approximately 16 GPa. Si-containing pyrochlores were synthesized at 1100
• C for 90 to 180 min. We recovered polycrystalline, sintered pieces of dark to light gray material after the high-pressure synthesis of Dy 2 Ge 2-x Si x O 7 with x = 0, 0.02, 0.08, and 0.125. The phase purity was confirmed via SEM/EDX analysis (Carl Zeiss LEO 1530) for all samples and via x-ray powder diffraction at the ALBA synchrotron light source (Beamline 4, λ = 0.413 364Å) in Barcelona, Spain, for Dy 2 Ge 2 O 7 and by using a Seifert diffractometer (FPM URD6) in symmetric Bragg-Brentano-Geometry with Cu anode for Dy 2 Ge 2-x Si x O 7 with x = 0.02, 0.08, and 0.125. The software package Fullprof (Suite 3.00, 2015) was used for the Rietveld analysis to obtain the lattice constants.
Magnetization measurements were performed using a commercial SQUID magnetometer (MPMS) and a vibrating-sample magnetometer in magnetic fields up to 7 T. Magnetic ac-susceptibility measurements were performed in a compensated coil-pair susceptometer at frequencies ranging from 4 to 1293 Hz down to a temperature of 0.3 K using a commercial 3 He system. The temperature was measured with a RuO 2 resistance thermometer. The heat capacity of Dy 2 Ge 2 O 7 and Dy 2 Ge 1.875 Si 0.125 O 7 was measured in a 3 He sorb-pumped cryostat using the relaxation-time method and a carefully calibrated RuO 2 thermometer.
III. RESULTS AND DISCUSSION
The diffraction data of unsubstituted Dy germanate confirmed the cubic pyrochlore structure (Fd-3m, 227) with a lattice constant of a = 9.930Å, which is in excellent agreement with the literature data (a = 9.929Å 13 ). Rietveld refinements show that the pyrochlore structure can well describe the diffraction patterns of Dy 2 Ge Fig. 3 ) with lattice constants a = 9.924Å, 9.912Å, and 9.906Å, respectively. We achieved the best fit by assuming a statistical substitution of Ge with Si on the B-site of the pyrochlore structure with exactly the Si concentration of the starting-material mixtures. In particular, Si is not in- terstitially incorporated into the crystal. There were no signs for chemical inhomogeneities or additional phases in XRD or SEM investigations (Fig. 3) .
In Fig. 4 , the magnetization per Dy ion of the sample series is shown as a function of magnetic field measured at low temperatures. The field dependence of the magnetization is well described by a powder-averaged Boltzmann distribution of non-interacting paramagnetic Ising spins (dash-dotted curve) resulting in a magnetic moment of 5 µ B at saturation while the Heisenberg model (no anisotropy) or the case of XY anisotropy would result in a very different magnetic behavior. Mainly, no difference between the samples of different Si concentrations were observed.
To detect distinct differences, we will focus our investigation for the remainder of this article on pure Dy germanate and the sample with the highest Si substitution, Dy 2 Ge 1.875 Si 0.125 O 7 . Figure 5(a) shows the real (χ ) and imaginary part (χ ) of the ac susceptibility of the substituted and unsubstituted sample for three exemplary frequencies. The distinct frequency dependence is visible especially in χ . Both samples show sharp maxima which shift towards higher temperatures and smear out continuously at higher frequencies. At 16 Hz, Dy 2 Ge 1.875 Si 0.125 O 7 has a peak temperature of 580 mK being about 50 mK lower than for Dy 2 Ge 2 O 7 . Furthermore, it is observed that the increase of the peak temperature at higher frequencies is much less pronounced in the substituted compound.
Based on the ac-susceptibility results, the spin dynamics can be investigated further. From the peak temperature T P of the imaginary part χ at a given frequency, the spin-relaxation time can be extracted using τ = 1/2πf . In Fig. 5(b) , the spin-relaxation time is plotted vs. the inverse of the temperature T P . At low measurement frequencies, the relaxation time seems to follow an Arrhenius law (dashed lines in Fig. 5(b) ):
It turns out that the energy barrier ∆ changes only little from 6.8 to 6.7 K due to the partial substitution of Ge by Si. Instead, it is apparent that the change in the quantum tunneling offset τ 0 is the main origin for the difference in the frequency dependence of the ac susceptibility. It changes from 250 to 90 ns due to the Si substitution.
The specific heat C of Dy 2 Ge 2 O 7 and Dy 2 Ge 1.875 Si 0.125 O 7 in zero field is shown in Fig. 6 . The unsubstituted sample has a peak in the heat capacity at a temperature of 0.94 K, whereas the substituted compound has a slightly reduced peak position of 0.92 K with a smaller peak height. Even though the effect is small, it is evident that the substitution of Si leads to a shift towards the boundary between spin-ice and AFM phase in the phase diagram (see Fig. 2 ). At temperatures above the peak position, both compounds show almost the same specific heat; at 8 K the phononic contribution becomes dominant. The second small peak in the specific heat of Dy 2 Ge 1.875 Si 0.125 O 7 at about 3 K could indicate the possible presence of a minority phase that was not visible in the XRD studies. Furthermore, a broadening of the specific-heat peak of the substituted material towards lower temperatures can be seen. The origin for this broadening could be related to an inhomogeneous occupation of the Si atoms on the Ge sites.
The strength of the dipolar interaction is given by, with gµ = 10 µ B and r nn being the distance between two Dy 3+ ions. The reduction of the lattice constant of the Sisubstituted sample, thus, leads to a slight increase of D nn from 2.40 to 2.42 K. However, the increase of the strength of the exchange interaction, J nn , is more pronounced. Following the approach used by Zhou et al. 11 , J nn can be graphically determined from the phase diagram (Fig. 2) as the intersection of the phase boundary between spinice and paramagnetic phase and the horizontal line with a specific ratio T peak /D nn . An increase of J nn by 3 % from −1.56 to −1.61 K can be found. Therefore, the strength of the effective interaction J eff = D nn + J nn is reduced from 0.84 to 0.81 K by about 3 %. This reduction is consistent with the reduced energy scale of the monopole excitation as seen in the ac susceptibility data (Fig. 5) . Note, that previous results of the unsubstituted Dy 2 Ge 2 O 7 compound indicated an even higher value of J nn which may be attributed to a difference in determining the peak temperature of the heat capacity.
From these data, two conclusions are drawn. a. Spin-ice characteristics of Dy 2 Ge 2-x Si x O 7 : The XRD data show the high quality of the materials and confirm the pyrochlore structure with the Dy 3+ ions at the A site and randomly distributed Ge and Si at the B site. The magnetization data are close to the expected curve of the powder-averaged paramagnetic Ising spins providing evidence for the Ising nature of the moments of the Dy 3+ ions due to the strong crystal electric field also observed in other spin-ice pyrochlores 16 . The shape of the temperature-dependent ac susceptibility of Si-substituted Dy germanate resembles the ac susceptibility of the base compound and the well-studied spin-ice materials Dy 11 . The Si-substituted samples continue this trend towards a reduction of the lattice constants and the peak temperatures in the specific heat as well as in the ac susceptibility. Therefore, we argue, that in Dy 2 Ge 2-x Si x O 7 the competing dipolar and exchange interactions are even further increased compared to Dy 2 Ge 2 O 7 . Since the increase of the exchange interaction is stronger than the increase of the dipolar interaction, the total effective interaction is reduced compared to Dy 2 Ge 2 O 7 .
IV. SUMMARY
High-quality polycrystals of the pyrochlores Dy 2 Ge 2-x Si x O 7 with lattice constants down to 9.906Å using the multi-anvil technique with pressures up to 16 GPa have been synthesized. The Ising nature of the moments of the Dy ions was confirmed by the field dependence of the static magnetization. Specific heat and ac susceptibility show the typical behavior of classical spin-ice compounds, namely a frequency dependent maximum and a broad peak. The reduction of the lattice constant increases both the dipolar as well as the exchange energy strength. However, while the dipolar interaction is only increased by less then 1 %, the exchange interaction increases by 3 %, leading to a reduced effective interaction. Consequently, the silicon-substituted sample is closer to the phase boundary between the short-range spin-ice arrangement and the long-range AFM order. The most significant difference between the substituted and unsubstituted compounds was found in the frequency dependence of the ac-susceptibility signal, which mainly originates in a reduction of the quantum tunneling offset. However, a reduction of the monopole excitation energy scale of 1.5 % was observed as well, which underlines the finding of a reduced effective interaction. In conclusion, we showed, that silicon substitution is a promising tool to change the ratio of dipolar and exchange interaction and, hence, synthesize spin-ice compounds with customized properties.
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